Abstract--Chelating organic acids hampered the hydrolytic reactions of A1 and affected the nature of the crystalline aluminum hydroxides. Chemical composition, structure, size, nature of functional groups, and concentration of each organic anion, as well as the pH of the system, controlled the rate of AI(OH)3 crystallization. The order of effectiveness of the various acids was: glutaric < succinic = phthalic < glycine < malonic < glutamic < aspartic < oxalic < salicylic = malic < citric < tartaric. An increase in the stability of complexes formed between the organic ligands and AI decreased the rate of crystallization and changed the final aluminous products from bayerite to nordstrandite and/or gibbsite and then to pseudoboehmite and/or amorphous material. In the presence of anions with a great affinity for AI, particularly at pH equal to or less than 9.0, the reaction products were commonly poorly crystalline or structurally distorted. In the range of pH 8.0 to 10.0 moderately or strongly chelating anions acted to retard or prevent olation and facilitated the formation of stable pseudoboehmite or X-ray-amorphous products. The stronger the chelating power or the higher the concentration of organic anions, the easier was the formation of pseudoboehmite or amorphous material.
INTRODUCTION
Aluminum hydroxides and oxyhydroxides have incited great interest in pedology and chemistry because of their occurrence as weathering products in soils and their specific adsorptive properties for anions and cations (Huang and Keller, 1972; Kinniburg et al., 1976; Hsu, 1977; Parfitt, 1978) . Various laboratory studies have been carried out on the effect of chelating organic acids, usually present in soil solutions, on the hydrolytic reactions of aluminum, as well as on the formation of crystalline and noncrystalline Al-hydroxides (Kwong and Huang, 1975 , 1979a Violante and Violante, 1978; Jackson, 1979, 1980) . Aluminum hydroxide crystallizes in three polymorphs: gibbsite, bayerite, and nordstrandite, but the factors governing their formation are not completely understood. Foreign anions, clay surfaces, precipitation rate, and pH appear to influence their synthesis (Schoen and Roberson, 1970; Luciuk and Huang, 1974; Kwong and Huang, 1975; Jackson, 1979, 1980) . According to Aldcroft et al. (1969) , the formation of a trihydroxide is governed by the solubility and solution rate of the pseudoboehmite that is formed as an intermediate phase between the initially formed amorphous Al-hydroxide and the final AI(OH)3 product. Hsu (1977) reported that rapid precipitation and crystallization in neutral or alkaline media yields bayerite; in contrast, slow crystallization favors gibbsite, as occurs in acidic environments. However, it is not This work was supported in part by the CNR research grant CT79.01978.06.
clear why nordstrandite and gibbsite, rather than bayerite, are more common in alkaline soils or in bauxite deposits (Lodding, 1961; Keller, 1964; Violante and Jackson, 1979 and references therein). Recently, Jackson (1979, 1980) demonstrated that in neutral and alkaline solutions, citrate anions favor the crystallization of nordstrandite and/or gibbsite, particularly in the presence of montmorillonite which acts as a catalyst.
The aim of the present work is to demonstrate that pH of the system and organic agents of different chelating power control the crystallization rate of AI(OH)3 and influence the nature of the final aluminous products.
EXPERIMENTAL METHODS Aluminum hydroxides were precipitated between pH 7.0 and 10.0 by the slow addition with stirring of 0.05 N NaOH to a mixture of AIC13 and carboxylic acid (glutaric, succinic, phthalic, aminoethanoic (glycine), glutamic, aspartic, malonic, oxalic, salicylic, malic, citric, or tartaric acid). The rate of addition of NaOH was about 1 ml/min. The concentration of total A1 in the suspension after precipitation was 3 • 10 -3 M; the concentrations of carboxylic acid were chosen to give molar Al:carboxylic acid ratios of 100, 70, 35, 20, 10, and 6 . All samples were aged in polyethylene bottles, and pH values were kept constant for 60 days by adding 0.1 N NaOH or HC1. All samples were prepared in duplicate.
Oriented aggregate specimens for X-ray powder diffraction (XRD) were obtained by drying washed aliquots of variously aged samples on glass slides. XRD patterns were obtained with an Ital Structure diffracCopyright 9 1980, The Clay Minerals Society 425 For transmission electron microscopic (TEM) examination, a drop of suspension was deposited on a grid covered with a carbon film and allowed to evaporate at 40~ Samples for Pt/C-shadowed replicas and scanning electron microscopy (SEM) investigation were "quench frozen" by immersion in liquid nitrogen and then dried in vacuo at a temperature below the freezing point. TEM and SEM electron micrographs were taken with a Philips model EM 300 and a Cambridge $4 Stereoscan microscope.
RESULTS AND DISCUSSION
Organic anions delayed or inhibited the crystallization rate of AI(OH)3 polymorphs to varying degrees. Depending on their nature and molecular structure, the organic acids studied affected the kinetics of crystal formation in the following order: glutaric < succinic = phthalic < glycine < malonic < glutamic < aspartic < oxalic < salicylic = malic < citric < tartaric. The effectiveness of each organic anion increased when its concentration was increased and when the pH was decreased. Table 1 shows the aluminous species (gibbsite, bayerite, nordstrandite, pseudoboehmite, amorphous alumina) obtained after 60 days of aging at pH 8.0, 9.0, and 10.0 in the presence of the organic compounds studied. Data for glutaric, phthalic, and malonic acid are not reported in the table, but are discussed in the text. Figure  1 shows XRD patterns of Al-hydroxides and oxyhydroxides formed at pH 9.0 and an Al:carboxylic acid molar ratio of 10.0 after the mixture had been aged for 6 months.
The above reported results clearly indicate that pH, concentration, and retarding power of the organic anions control the nature of the precipitation products. Horizontal reading of the table shows that at a given pH and Al:organic acid ratio there is a change in the final aluminous products formed from bayerite to nordstrandite and/or gibbsite and finally to pseudoboehmite and amorphous material, approximately according to the increasing chelating power of the organic anions (see below). The same order of formation of the various aluminous precipitation products was found at a given pH by increasing the concentration of some of the organic compounds.
Influence of pH and nature of carboxylic acids
Because succinic and phthalic acids weakly complex aluminum ions (Murmann, 1%9) by forming unstable 7-membered rings (Figure 2a) , their presence had a negligible influence on the crystallization rate, particularly at pH >8.0. At pH 9.0 and 10.0 bayerite had already crystallized a few hours after the sample preparation (Figures la and 3a) , as in the samples prepared in the absence of organic anions (control systems), where the hydroxide formed was usually pure bayerite (Violante and Violante, 1978) . Weak influence of these acids on the crystallization of gibbsite and/or nordstrandite over bayerite was ascertained at pH 8.0 and at an Al:carboxylic acid ratio of 6 (Table 1) , but also in these samples large amounts of bayerite formed.
In contrast, glycine (aminoethanoic acid), a bidentate agent, like phthalic and succinic acids, complexes aluminum ions by forming a more stable 5-membered ring gibbsite (at pH 8.0) and nordstrandite (at pH 9.0) was favored.
The XRD pattern of the sample prepared with an Ahglycine ratio of 10 and aged at pH 9.0 showed a peak of nordstrandite higher than that of bayerite ( Figure  lb) . At a higher concentration of glycine (Al:glycine ratio of 6), at the same pH, almost pure nordstrandite (with rare triangular crystals of bayerite) was obtained (Figure 3b ). At pH 10.0 glycinate did not decrease the crystallization rate nor did it hinder bayerite formation even a few hours after preparation of the samples (Figure 3c) .
With more effective retarding agents, such as glutamic and aspartic acids, gibbsite, nordstrandite, and pseudoboehmite formed easily at pH 8.0 and commonly at pH 9.0. Aspartic and glutamic acids are both tridentate, but in the presence of aspartic acid, the crystallization rate of aluminum hydroxide was lower than in the presence of glutamic acid. In samples where aspartic acid was present, gibbsite, nordstrandite, or pseudoboehmite formed more readily than bayerite (Table 1) . Aspartic acid, in fact, acted as a stronger retarding agent, probably because the -COOH group at the end of the aliphatic side-chain in the fl-position of the -NH~ group might stabilize the complex by chelating A1 ions with two stable 5-and 6-membered rings (Figure 2b ). On the contrary, glutamic acid might complex AI ions more weakly by forming a stable 5-membered ring and an unstable 7-membered ring (Figure 2b ). The formula in Figure 2b was reported by Das Sarma (1956) for complexes of glutamate with Ni(II) and Cd(II). According to this author, glutamate, aspartate, and other a-amino acid anions do not always easily form a tridentate ligand to a single ion, and other structures, apparently less stable, were suggested as alternatives where these an- Figure 3 . Transmission electron micrographs: (a) pure bayerite formed at pH 10.0 and an Al:phthalic acid ratio of 50 after 2 days; (b) mainly nordstrandite (with rare triangular particles of bayerite) synthesized at pH 9.0 and an Al:glycine ratio of 6, after 60 days of aging. Scanning electron micrograph: (c) macrocrystal of bayerite obtained at pH 10.0 and an Ahglycine ratio of 70, 3 days after the preparation. Transmission electron micrographs: (d) nordstrandite formed at pH 9.0 and an Al:glutamic acid ratio of 10; (e) gibbsite and nordstrandite formed at pH 9.0 and an Al:aspartic acid of 10, both after 60 days of aging; (f) amorphous aluminum hydroxide obtained at pH 7.0 and an Al:salicylic acid ratio of 10 after 80 days of aging.
ions behave as either tri-or bidentate ligands. However, the above formulae easily explain the greater influence of aspartic over glutamic acid in retarding the crystallization of AI(OH)3.
It was also noted that even at high pH values, gibbsite was commonly favored over nordstrandite when the crystallization rate was particularly slow. In fact, at pH 9.0 and at an Al:glutamic acid ratio of 10, almost pure nordstrandite was synthesized (Figures lc and 3d) , whereas in the presence of aspartate, gibbsite and nordstrandite were formed (Figure 3e ). In addition, a concentration increase of a complexing organic anion produced not only a transition from bayerite to nordstrandite (Violante and Jackson, 1979) , but also a progressive increase in the ratio of gibbsite to nordstrandite. Figure 4 shows that oxalate anions at low concentrations (Al:oxalic acid ratio of 70) did not inhibit bayerite crystallization (diffractogram "a"); however, by increasing the concentration of this anion, more nordstrandite was always found (diffractograms "b" and "c" ). Finally, with an A1: oxalic acid ratio of 6, gibb site with pseudoboehmite was synthesized (diffractogram "d"). In a duplicate of the latter sample, pseudoboehmite was found stable for one year. Oxalic acid had a greater influence than malonic, succinic, and glutaric acids (in the order listed) in hindering the crystallization of AI(OH)3 and, consequently, in favoring the formation of gibbsite, nordstrandite, and/or pseudoboehmite. This may be explained by considering that chelate 5-or 6-membered rings are more stable than larger ones, so that the closer the carboxyl groups, the more active is the bicarboxylate anion. The carboxyl group in glutarate, and probably in higher homologues (e.g., adipate, pimelate) are too far apart; hence, these anions behaved like monocarboxylates (i.e., acetate; Violante and Violante, 1978) . In fact, at the concentrations and pH values used, glutarate anions had negligible influence in retarding AI(OH)3 crystallization, so that in their presence bayerite easily formed.
Malic and salicylic acids showed a high inhibiting power for AI(OH)3 crystallization. With an Al:carboxylic acid ratio <35 and at pH 7.0 and 8.0, X-ray-amorphous material was found even after 80 days of aging ( Figure  30 . Malate was found to be a stronger retarding agent in the crystallization process than aspartate and oxalate. The results of Kwong and Huang (1979b) showed that the stability of Al-malate is stronger than that of Al-aspartate and support the present observations. Malic acid differs from aspartic acid only in having an -OH group instead of a -NH2 group. Probably AI ions may have greater affinity towards agents that complex by means of oxygen than by means of nitrogen, as has been shown for ions having a small size and high charge (Murmann, 1969) . The lesser influence of oxalate than malate or salicylate anions in hindering the crystallization is somewhat surprising; however, several works (Parfitt, 1978 and the references therein) suggested that organic anions are specifically adsorbed on Al-hydroxides, reoxides, and allophanic soils and that the sorption of these anions could be described by a sorption-pka-pH relationship. Struthers and Sieling (1950) found that oxalic acid is very effective in preventing phosphate "fixation" on Al-hydroxides at acidic pH, but that its influence strongly decreases above pH 7.0. Moreover, Cornell and Schwertmann (1979) reported that dicarboxylic acids (oxalic, succinic, malonic, maleic) are much less efficient than hydroxy-carboxylic acids (citric, tartaric, malic) in retarding the crystallization of reoxides formed from ferrihydrite at high pH.
In the presence of salicylic and malic acids, particularly at a pH equal to or less than 9.0 and at Al:carboxylic acid ratios less than 35, the reaction products formed were commonly poorly crystalline or structurally distorted. Figures 5a and 5b show distorted crystals of nordstrandite and gibbsite formed at pH 9.0 and at an Al:malic or salicylic acid ratio of 10, respectively. In the latter micrograph, a gel-like material, recognized as pseudoboehmite by XRD (Figure ld) , is evident in the background. At very high magnification, however, microcrystals of gibbsite can be seen blended into the gel-like material (Figure 5c ).
Figures 5a, 5b, and 5c show that at the same pH and Al:carboxylic acid ratio the crystals formed after 60 days of aging in the presence of malate or salicylate are more distorted in outline than those formed in the presence of glutamate or aspartate (Figures 3d and 3~e) . These findings suggest that the higher the affinity of chelating anions for A1, the higher their capacity to occupy the coordination sites of AI and distort the arrangement of the unit layers (Kwong and Huang, 1979a) . In the presence of malate and salicylate, nordstrandite was formed at pH 10.0 only at Al:carboxylic acid ratios lower than 35 (Figures 5d and 5e) .
Finally, citric and tartaric acids strongly inhibited the formation of Al-hydroxide polymorphs. At pH 7.0, 8.0, and 9.0, amorphous material or pseudoboehmite always formed even after 180 days of aging (Table 1 and  Figures le and If) . At pH 10.0 nordstrandite crystallized in citrate systems, as has been extensively reported in previous works Jackson, 1979, 1980) , but pseudoboehmite or amorphous material formed in tartrate systems (Table 1 and Figure 5f ). AI(OH)3 polymorphs were difficult to obtain in tartrate or citrate systems even at pH >9.0, obviously because of the great stability of the complexes with aluminum. Several formulae, involving rings of various sizes, have been proposed for citrate and tartrate complexes; e.g., one 6-membered ring and one 7-membered ring with two different metal ions (Bailar, 1956, Figure 6 (I)); and one 5-membered chelate ring and one 6-membered ring involving two carboxyl groups and one hydroxyl group in citrate complexes (Huang and Kiang, 1972; Kwong and Huang, 1979b; Figure 6(II) ). Stable 6-or 5-membered rings ( Figure 6 ) are possible in the tartrate complexes (Bailar, 1956) .
The data of Kwong and Huang (1979b) that the stability constants (expressed as log KI) for complexes formed between A1 and p-hydroxybenzoic, aspartic, malic, and citric acids are respectively 1.66, 2.60, 5.14, and 7.37, strengthen the present interpretation that the higher the chelating power of the organic compound, the easier is the formation of nordstrandite, gibbsite, and pseudoboehmite (and/or amorphous material) rather than bayerite at pH >7.0.
The greater effect of tartrate than citrate in favoring pseudoboehmite or amorphous material at neutral and alkaline pHs cannot, however, be explained in terms of a stronger chelating power, because citrate-A[ complexes have greater stability than tartrate-A1 complexes (Earl et at., 1979) . Because tartrate anions are sorbed on the Al-rich materials to a greater extent than citrate, although the latter has a stronger influence in removing A1 from gels (Earl et al., 1979) , it is possible to hypothesize that the transformation by dissolution and recrystallization (Bye and Robinson, 1964) of amorphous Al-gel or pseudoboehmite into AI(OH)3 could be particularly inhibited by tartrate anions strongly sorbed on the Al-gels. 
Formation and stability of pseudoboehmite in the presence of chelating anions
At pH 8.0 and 9.0, even at very low concentrations, strongly chelating anions such as malate, salicylate, citrate, and tartrate facilitated the formation of pseudoboehmite rather than AI(OH)3 polymorphs, whereas moderately chelating anions, such as glutamate and aspartate, were influential only at higher concentrations (Table 1) . Where the pH of the samples was particularly high (pH 10.0), stable pseudoboehmite without any Al(OH)3 crystals formed only in the presence of citrate and tartrate. In contrast, weakly chelating anions, such as phthalate or succinate, did not cause the crystallization of stable pseudoboehmite even at pH 8.0 and at an Al:carboxylic acid ratio of 6 (Table 1 and Figure 1) .
Generally, at pH >8.0, the stronger the chelating. power or the greater the concentration of a foreign anion, the greater the amount of pseudoboehmite found several months after the sample preparation ( Figures  1 and 4) ; however in some samples in the presence of citrate or tartrate anions, aluminous precipitation products resulted which were still amorphous to X-rays even after 60 days or longer (Table 1 and Figure If) . Chelating anions probably displaced -OH and H20 groups and prevented or retarded olation (Bailar, 1956; Hsu, 1967 Hsu, , 1977 Lahodny-Sarc et al., 1978; Kwong and Huang, 1979b) . Several authors have found that in neutral or alkaline systems, pseudoboehmite is a transitory phase between the amorphous material initially formed and AI(OH) 3 polymorphs (Souza Santos et al., 1953; Bye and Robinson, 1964; Aldcroft et al., 1969) .
In the present study bayerite crystallized quickly in the presence of weakly complexing anions and at a pH higher than 8.0, and pseudoboehmite did not form during the aging process (Figure la) . Indeed, XRD patterns of many samples showed broad peaks of pseudoboehmite that appeared within a few days, decreased in intensity during the aging process, and in some samples disappeared completely. Figure 7a shows the XRD patterns of pseudoboehmite and bayerite that formed at pH 10.0 in the presence of a low concentration of citrate (Al:citric acid = 70) 2 days after the sample preparation. After 3 months of aging the same sample showed peaks of nordstrandite and bayerite, the latter in a smaller amount, with pseudoboehmite completely absent (Figure 7b) .
Finally, at certain pHs and concentrations of moderately or strongly chelating anions, pseudoboehmite with AI(OH)3 polymorphs formed in a few hours or days and persisted without change in intensity during the aging process (Figures 7c and 7d) .
The above reported results indicate that so-called pseudoboehmite is a material with varying degrees of order and hence a wide range of solubilities (Bye and Robinson, 1964) . Because pseudoboehmite did not always appear to be a transitional phase between the amorphous material initially formed and the final AI(OH)z polymorph, the formation of each Al-hydroxide might involve a more specific mechanism different from that proposed by other authors (Souza Santos et al., 1953; Bye and Robinson, 1964; Aldcroft et al., 1969) .
CONCLUSIONS
Organic anions influence both the rate of AI(OH)3 crystallization and the nature of the precipitated product. The effectiveness of an organic compound in delaying or inhibiting AI(OH)3 crystallization increases when its concentration rises and the pH decreases. The nature and geometric structure of each molecule influences the crystallization rate, and the following order of effectiveness of various organic chelating acids in delaying the kinetics of Ai(OH)3 crystallization at pH above 7.0 was found: glutaric < succinic = phthalic < glycine < malonic < glutamic < aspartic < oxalic < salicylic = malic < citric < tartaric.
Although the mechanism governing the formation of Al-hydroxide polymorphs, particularly in neutral or alkaline systems, is not yet fully clear, the present work shows that rapid crystallization yields bayerite and that very slow crystallization favors gibbsite, even at high pH. Intermediate conditions favor nordstrandite, particularly at pH >8.0, in keeping with the occurrence of this polymorph in natural alkaline environments.
Furthermore, the importance of moderately and strongly chelating anions in favoring the formation of stable pseudoboehmite or X-ray-amorphous products is clearly established.
